













brane	 fuel	 cell	 (HT‐PEMFC)	 that	 will	 be	 used	 to	 power	 an	 unmanned	 aerial	 vehicle	




termined	 solving	 the	 aerodynamic	 problem,	 and	 the	 design	 of	 the	 lightweight	 HT‐
PEMFC,	including	its	cooling	system,	was	optimized.	To	perform	the	numerical	solution	
of	 the	 heat	 transfer	 problem,	 a	 computational	 code	was	 implemented	 using	 the	 EES	
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by	2050	a	 reduction	of	80%	 in	 carbon	dioxide	emissions	 from	 the	 levels	measured	 in	
1990.	It	is	expected	that	the	atmospheric	concentration	of	CO2	can	be	stabilized	at	450	
ppm,	 and	 the	 increase	 in	 global	 temperature	 will	 be	 below	 2°C	 relative	 to	 its	 pre‐
industrial	level	[1].	To	achieve	these	goals,	the	transport	sector,	which	is	responsible	to	a	
large	extent	of	CO2	emissions,	would	require	a	decarbonization	up	to	95%	[2].	However,	





mospheric	 pressure	 (0.26	 bar)	 and	 oxygen	 partial	 pressure	 (0.05	 bar)	 impose	 severe	
limitations	 to	 the	operation	of	 atmospheric	 reciprocating	 internal	 combustion	engines	
(ICE)	because	the	intake	air	charge	to	the	engine	is	drastically	diminished.	Unfortunate‐
ly,	small	UAVs	usually	powered	by	ICEs	with	small	cylinder	capacity	cannot	incorporate	
compressors	 or	 other	 alternative	 systems	 to	 increase	 the	 intake	pressure.	 This	would	






taking	 into	 account	 the	 special	 requirements	 for	 this	 application.	 For	 PEMFC‐based	
powerplants,	 the	 above‐commented	harsh	 environmental	 conditions	 at	 a	 cruising	 alti‐
tude	of	10	km	force	to	carry	on	board	compressed	gas	bottles	not	only	for	hydrogen	but	
also	 for	oxygen	(or	air)	 in	order	to	perform	anodic	and	cathodic	electrochemical	reac‐
tions.	At	 this	height,	 the	 standard	atmospheric	 temperature	 is	below	50°C,	with	very	
dry	air	humidity	[8],	which	hinders	the	correct	management	of	the	produced	heat.	





view,	 the	 increase	 in	 the	working	 temperature	 enhances	 the	 electrochemical	 reaction	
rates,	 especially	 at	 the	 cathode	 side.	 Besides,	 it	 also	 eases	 the	 extraction	 of	 the	water	
produced	at	the	cathode	sides	because	it	 is	managed	in	vapor	phase.	From	the	techno‐
logical	point	of	view,	heavy,	bulky	and	 inaccurate	humidification	systems	 for	 the	reac‐
tant	gases	can	be	avoided,	and	the	cooling	system	can	be	simpler	and	compact	due	to	the	
large	difference	between	the	stack	working	temperature	and	the	surroundings.	As	a	re‐





high	 altitude	mission.	 Simultaneously,	 the	 suitable	 cooling	 system	needed	 to	maintain	
the	stack	temperature	in	the	recommended	value	(160C)	during	the	whole	flight	is	also	
designed.	To	this	end,	a	computational	code	was	implemented,	which	enables	the	itera‐












ametric	 analysis	 showed	 that	 the	 power	 demanded	 by	 the	 propeller	 is	 422	W,	with	 a	















manufacturer	 to	 enlarge	 the	 lifetime	of	 the	 stack,	 it	must	work	 in	 a	 stationary	 regime	
with	a	current	density	below	0.5	A	cm‐2.	So,	according	to	the	polarization	curve	experi‐
mentally	obtained	in	our	lab	for	one	of	these	MEAs,	it	has	been	decided	that	the	current	
density	 of	 the	HT‐PEMFC	 stack	will	 be	 of	 0.45	 A	 cm‐2,	which	 yields	 a	 total	 current	 of	















flow	velocity	 and	Reynolds	 number	 are	 calculated,	 ensuring	 a	 laminar	 flow	 inside	 the	












total	 surface)	 corresponds	 to	 the	 ribs	 ensuring	 the	 suitable	 electrical	 contact	between	
plates	and	GDLs.	Finally,	in	order	to	ensure	that	the	MEAs	are	subjected	to	an	appropri‐
ate	 compression	 rate,	 a	 receding	 housing	 of	 0.2	 mm	 was	 manufactured	 for	 the	 area	



















the	main	manifolds	 (inlet	 and	outlet)	 for	 the	 circulation	of	 the	 reactant	 gases	was	de‐
signed,	considering	that	the	pressure	drop	to	the	gas	flow	imposed	by	the	flowfield	ge‐
ometries	must	be	at	 least	10	 times	 larger	 than	 that	 in	 the	manifolds	 [23,24].	With	 the	
calculated	 nominal	 flow	 of	 reactant	 gases,	 a	 rectangular	 cross	 section	 27x8	mm2	 has	
been	 selected	 for	 the	manifolds.	 So,	 for	 the	nominal	 flow	of	 hydrogen	 and	oxygen	 the	
resulting	pressure	ratios	Pflowfield/Pmanifold	are	222.8	and	76.5,	respectively.	

























	 a)	 b)	 c)	 d)	
Figure	3.	Different	photos	of	pressure‐transmitter	and	endplates	used	in	the	stack.	
	
Some	 other	 elements	 are	 needed	 to	 effectively	 close	 the	 stack,	 namely	 pressure‐
transmitter	plates	and	endplates.	Photos	of	the	two	sides	of	both	plates	can	be	observed	
in	Fig	3.	Endplates	have	10	passing‐holes	for	M6	screws	located	on	its	periphery,	as	well	
as	 9	 threaded‐holes	 also	 for	M6	 screws	 distributed	 in	 the	 central	 area	 as	 depicted	 in	
Figs.	3b)	and	3c).	With	this	strategy	a	uniform	force	can	be	exerted	over	the	whole	active	




mechanical	 resistance	needed	 for	 these	 elements.	Pressure‐transmitter	plates	 are	 also	
manufactured	 in	 aluminum	5083	5	mm	 thick.	Two	ports	 are	machined	 to	 connect	 the	
reactant	gases	as	displayed	in	Fig.	3a).	They	are	placed	between	the	endplates	and	the	
electrical	collector	ones,	in	such	a	way	that	the	pressure	of	the	central	screws	is	exerted	











lyte	[26].	For	this	reason,	 they	are	vacuum	packed	in	 factory	 inside	 individual	metallic	
vapor	barrier	bags.	In	order	to	achieve	the	very	low	humidity	environment	required	by	
these	MEAs,	the	assembly	zone	was	isolated	from	the	rest	of	the	room	by	using	a	com‐










ly	 cured,	 the	 assembling	 procedure	 can	 start.	 To	 form	 the	 stack,	 a	 special	 assembling	
plate	with	 4	 centering	 rods	 and	 orifices	 to	 host	 gas	 connectors	 and	 6	 of	 the	 external	
screws	is	used,	as	shown	in	Fig.	4a).	It	 is	placed	on	the	base	plate	of	a	hydraulic	press,	





























tion	considered	for	 this	application,	 the	stack	will	be	placed	 into	a	 thermally‐insulated	











ary	 conditions.	 For	 this	 temperature	 (>100°C),	 the	 species	 considered	 at	 the	 inlet	 are	
only	dry	reactant	gases	(H2	and	O2).	At	the	outlet,	water	generated	in	vapor	phase	is	also	

























∑ ൫ ሶ݉ ௜ܪ௜,௜௡௟௘௧൯௜ െ ∑ ൫ ሶ݉ ௜ܪ௜,௢௨௧௟௘௧൯௜ ൌ ௘ܹ௟௘௖ ൅ ܳௗ௜௦	 (1)	
in	which	 ሶ݉ ௜	is	the	mass	flow	rate	of	element	“i”	(kg/s),	ܪ௜,௜௡௟௘௧	is	the	inlet	entalpy	of	ele‐














ܳ௥௔ௗ ൌ ߪ	߳ி஼	ܨி஼ሺ ௪ܶସ െ തܶ௔௜௥ସ ሻ	 (4)	
Here		is	the	Stefan‐Boltzmann	constant,	߳ி஼	the	stack	emissivity,	ܨி஼	the	heat	transfer	
area	of	 the	stack,	 ௪ܶ	 the	stack	surface	temperature,	and	 തܶ௔௜௥	 the	air	 temperature	aver‐
aged	between	the	cooling	system	inlet	and	outlet.	Equation	(4)	includes	the	energy	radi‐
ated	by	the	stack,	considered	as	a	unique	body,	and	the	radiative	energy	that	it	absorbs.	
It	 assumes	 that	 the	 stack	absorption	coefficient	 is	 equal	 to	 its	 emissivity,	 according	 to	
Kirchhoff´s	law	for	a	grey	body.	
Heat	transferred	by	convection	is	defined	by	
ܳ௖௢௡௩ ൌ ݄	ܨி஼	∆ܶതതതത௟௢௚	 (5)	
where	݄	is	the	convective	heat	transfer	coefficient,	and	∆ܶതതതത௟௢௚	the	mean	logarithmic	tem‐
perature	difference	that	is	calculated	by	





Nu ൌ ௛∙஽೐೜ఒೌ೔ೝ 	 (7)	
where	ߣ௔௜௥	is	the	air	thermal	conductivity.	In	the	present	study,	the	characteristic	length	
considered	 is	 the	 equivalent	 diameter	 of	 the	 cross‐sectional	 area	 of	 the	 cooling	 fluid	
flow,	ܦ௘௤,	that	is	defined	by	
ܦ௘௤ ൌ ସ஺೑௉ೢ ೐೟ ൌ
ସ	ሺ஺಴೚೙೏ି஺ಷ಴ሻ
௉಴೚೙೏ା௉ಷ಴ 	 (8)	






Nu ൌ 0.6155	Reሺଶ/ଷሻ ቀ஽೐೜௅ ቁ
ሺଷ/ସሻ Prሺଵ ଷ⁄ ሻ	 (9)	
for	Re ቀ஽೐೜௅ ቁ ൒ 640,	and		
Nu ൌ 0.002149	Reሺଷ/ଶሻ ቀ஽೐೜௅ ቁ
ሺସ/ଷሻ Prሺଵ ଷ⁄ ሻ	 (10)	





















ሶܹ ൌ ∆݌௙	ܸ	ܣ௙	 (12)	
in	which	V	is	the	air	velocity.	Pressure	losses	∆݌௙	can	be	evaluated	according	to		
∆݌௙ ൌ ߩ	ܭ ௏
మ
ଶ 	 (13)	




ܭ ൌ ܭ௖௢௢௟ ൅ ܭ௩௔௟௩	 (14)	
The	 coefficient	 of	minor	 losses	 in	 the	 cooling	 system,	Kcool,	 can	 be	 considered	 to	 be	 a	
function	of	the	ratio	between	the	cooling	duct	section	and	the	 flow	section	around	the	
stack	
ܭ௖௢௢௟ ൌ 10.73 ቀ1 െ ஺೑஺಴೚೙೏ቁ.	 (15)	
where	the	constant	value	10.73	was	experimentally	obtained	in	[29].	Finally,	to	estimate	
Kvalv	the	air	inlet	pressure	is	calculated	using	Bernoulli	equation	by	









research	 facilities.	 After	 flowing	 dry	N2	 to	 verify	 that	 there	were	 no	 leaks	 of	 reactant	
gases	neither	out	of	the	device	nor	between	cathodes	and	anodes,	the	following	condi‐





voltage	 is	 fixed	 in	 the	 electronic	 load,	 so	 that	 the	 current	 generated	 by	 the	 device	 in‐
creases	 gradually.	When	 the	 current	 exceeds	20.3	A	 (0.25	A	 cm‐2),	 the	 electronic	 load	
working	mode	is	changed	to	demand	a	constant	current	of	16.2	A,	which	corresponds	to	
a	current	density	of	0.2	A	cm‐2	for	this	MEA.	Under	this	condition,	a	gradual	increase	in	






















served,	 the	 zone	 corresponding	 to	 mass	 transfer	 losses	 common	 in	 low‐temperature	













up	 to	 301.4	W	kg‐1	 for	 the	maximum	power,	which	 is	 in	 the	 range	 of	 Li‐ion	 batteries	
[32].	For	the	test	flights	in	the	existing	UAV	it	is	planned	to	use	a	L45X	composite	cylin‐
der	from	Luxfer	Co.	This	bottle	has	a	water	capacity	of	4.7	l	and	can	be	filled	with	74.65	
g	of	H2	when	compressed	at	200	bar,	 resulting	 in	2.5	kWh	of	 energy	 stored.	The	 con‐
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heating	 source	 (for	 example,	 a	 commercial	 air	 heater)	 must	 be	 considered.	 It	 should	
remain	working	when	the	current	demanded	to	the	stack	is	low.	On	the	contrary,	once	
the	current	demanded	to	the	stack	exceeds	13.5	A	(0.165	A	cm‐2)	the	heat	produced	by	
the	 electrochemical	 reactions	 is	 large	 enough	 to	 heat	 the	 stack	 up	 to	 160C,	 and	 the	
external	heat	source	can	be	disconnected.	When	the	current	demanded	to	 the	stack	 in	
steady	 state	 operation	 exceeds	 15	 A,	 the	 heat	 yielded	 causes	 an	 abrupt	 temperature	
increase,	and	the	air	cooling	system	has	to	be	activated	to	cool	down	the	stack.	For	every	










the	cooling	channels,	 forcing	 the	air	 to	pass	 through	them	working	 in	suction	regimen	
[27,28].	The	use	of	an	active	cooling	system	formed	by	axial	fans	implies	an	increase	in	
the	total	weight	of	the	powerplant,	as	well	as	the	necessity	of	a	large	space,	which	is	very	
limited	 in	 this	application.	Besides,	 in	 the	same	way	 that	 the	use	of	 small	 ICEs	 in	high	
altitude	missions	is	discarded,	cooling	systems	formed	by	axial	fans	are	not	suitable	for	
the	present	application	due	to	the	very	 low	atmospheric	pressure	at	10	km.	So,	one	of	
the	aims	of	 this	 study	 is	 to	assess	 the	design	of	a	 "passive"	 cooling	system	with	a	 low	














































locity	 of	 11	 m	 s‐1	 was	 obtained	 for	 this	 experimental	 condition.	 After	 evaluating	 the	
space	 available	 in	 the	UAV,	 and	 considering	 also	 the	 results	 obtained	 in	 heat	 transfer	





















face	area	 (V/A),		 is	 the	 thermal	diffusivity,	 t	 the	characteristic	 time,	and	L	 the	 length	
through	which	conduction	occurs.	
For	the	actual	operating	conditions	it	is	obtained	that	the	Fourier	number	ranges	from	
1.7	 to	 40,	 and	 the	 temperature	 ratio	 ቀ ்ି ∞்
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gen	 for	 the	nominal	operating	point,	 the	expected	 range	of	 the	 flight	will	be	around	2	
hours	using	a	L45X	composite	cylinder	from	Luxfer	Co.	
Simultaneously,	a	practical	passive	cooling	system	has	been	designed	in	order	to	main‐
tain	 the	stack	 temperature	 in	 the	recommended	value	(160C)	during	 the	whole	 flight	






































9. J.	Renau,	A.	Lozano,	 J.	Barroso,	 J.	Miralles,	 J.	Martín,	F.	 Sánchez,	F.	Barreras,	Use	of	


























18. J.	 Barranco,	 F.	 Barreras,	 A.	 Lozano,	 A.	 M.	 Lopez,	 V.	 Roda,	 J.	 Martin,	 M.	 Maza,	 G.G.	
Fuentes,	E.	Almandoz,	Cr	and	Zr/Cr	nitride	CAE‐PVD	coated	aluminum	bipolar	plates	





















26. C.	 Henskel,	 Celtec‐P	 1000	Membrane	 Electrode	 Assembly.	 Technical	 Information	
Brochure,	D‐BASF	The	Chemical	Company,	Frankfurt,	2011.	






29. J.	Barroso,	 J.	Renau,	A.	Lozano,	J.	Miralles,	 J.	Martín,	F.	Sánchez,	F.	Barreras,	Experi‐







32. Panasonic	 overview	 information	 about	 Li‐ion	 rechargeable	 batteries.	 (in	
http://na.industrial.panasonic.com/products/batteries/rechargeable‐
batteries/lithium‐ion).	
23	
 
33. Standard	Atmosphere,	ISO	2533:1975,	Geneva,	Switzerland,	1975.	
	
